LA-UR-94-2665
I

Title:

The FORTE Receiver and Sub-Band
Triggering Unit

I

I
I
I
I

Author(s):

Dr. Donald C. Enemark and Mr. Martin E. Shipley

I

I

Submitted to:

I
I

8th Annual AIANUtah State Universi1y
Conference on Small Satellites
August 29 - September 1, 1994

I
I
I
I
I Los Alamos
I

I

NATIONAL LABORATORY

Los Alamos National Laboratory, an affirmative action/equal opportunity empiclyer, is operated by the University of California for the U.S. Department of Energy
of this article. the publisher recognizes that the U.S. Government retains a nonexclusive, royalty-free license to
publish or reproduce the published form of this contribution, or to allow others to do so, for U.S. Government purposes. The Los Alamos National Laboratory
requests that the publisher identify this article as work perfOrmed under the auspices of the U.S. Department of Energy.
Fonn No. 836 RS
Und6~ contract W-74Q5-ENG-36. By acceptance

ST 2629 10191

I
THE FORTE RECEIVER AND SUB-BAND TRIGGERING UNIT
Dr. Donald C. Enemark & Mr. Martin E. Shipley
Los Alamos National Laboratory
Los Alamos, NM 87545
dispersed when they pass through. the
ionosphere creating a chirped frequency SIgnal
which can be helpful in discriminating between
natural and man-made signals. Payloads
designed to digitize and store the RF si~n~tures
of these signals must include sophistIcated
triggering circuitry to select events of interest
and prevent false alarms from wasting the
available memory storage resources. The
FORTE wideband receiver tunes from 20 to 320
MHz with
sub-band trigger channels

Abstract
The FORTE payload receiver and trigger unit
represent a significant advance over the
currently flying BLACKBEARD payload aboard
the ALEXIS satellite. Not only is the
polarization sensitive antenna array massive
compared to the BLACKBEARD monopole, but
the event triggering scheme is completely
different. Electromagnetic pulses (EMPs) are
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Figure 1 - BLACKBEARD Monopole Antenna
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power, and volume restrictions, resulting in
many design compromises to achieve the
maximum utility of the experiment.

distributed across the 20 MHz IF bandwidth.
The conditions which must be satisfied to
generate an event trigger are processor
controlled.
Early testing of the prototype
indicates an ability to reliably trigger on
chirped RF signals several dB below the noise
level. FORTE is scheduled to be launched with
a Pegasus XL vehicle in late 1995.

The
most
notable
compromise
on
size
BLACKBEARD was the antenna;
limitations dictated using a subresonant, active
monopole, less than a meter in length, directly
connected to an amplifier (figure 1).
The FORTE antenna consists of two log-periodic
arrays arranged orthogonally to permit signal

Introduction
The purpose of the Fast On-orbit Recording of

Figure 2 - Prototype FORTE Antenna
Transient Events (FORTE) payload is to detect,
record, and characterize impulsive events
occurring in the earth's atmosphere, e.g.
lightning, from orbit. The payload will perform
these tasks in both the optical and RF regimes.

polarization measurement. The antenna has 15
dB polarization isolation and 10 dBi gain. Each
array consists of 10 dipole elements varying in
length from 2.5 meters to 0.66 meters resulting
in a Christmas tree shape, tapering from 5
meters in diameter at the base to 1.3 meters in
diameter at the tip with an overall boom length
of 11 meters. Fi~ure 2 is a photograph of the
prototype FORTE antenna in the outdoor test
range at Los Alamos National Laboratory.

FORTE is the second in a series of small
satellites to study RF phenomena from orbit. In
April of 1993, an RF payload similar to FORTE,
called BLACKBEARD, was carried to orbit
aboard the ALEXIS spacecraft.
The
BLACKBEARD payload had severe weight,
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system. The 20 MHz bandwidth receiver is a
double conversion receiver tunable between 20
and 320 MHz, and has an IF output of 2-22
MHz. The sub-band trigger was designed
specifically to reduce the number of false
triggers caused by non-impulsive events, and to
lower the minimum signal-to-noise ratio where
events may be detected, compared to a simple
level trigger.

The complete assembly is deployed after launch
from a cylindrical storage canister that is 12"
diameter x 13" deep. The log-periodic arrays are
fed from the small, or forward pointing, end
resulting in a rather long feedline. To reduce
feedline losses that would result in a degraded
noise figure, the low noise pre-amps are located
at the end, or tip plate, of the arrays and
powered via the coax center conductor using RF
decoupling networks. The array feedlines to the
pre-amp inputs are custom 100 ohm balanced
flat twin lead cables with balun transformers
for coupling to the unbalanced pre-amps.
In addition, BLACKBEARD used a simple level
trigger to detect events above the noise. With
FORTE, we hope to enhance the capability of
event detection and reduce the false alarm rate
by using a sub-band trigger.

Figure 4 - RF Block Diagram

Figure 4 shows a block diagram of the RF
payload. This paper is focused on the 20 MHz
bandwidth receiver and the sub-band trigger

When an RF pulse travels though the
ionosphere, it is dispersed, resulting in a
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Figure S - Amplitude vs Frequency and Time for Typical Chirp
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20 MHz Receiver

chirped signal at the orbiting receiver (Figure
3).

Description

The sub-band trigger is designed to ignore
events that do not exhibit broadband spectral
characteristics and short tem porallifetimes.

The 20 MHz receiver is shown in figure 6.

Payload Overview
The input frequency range of the receivers is 20
to 320 MHz with reduced performance down to
10 MHz. The primary limitation at the low end
is the antenna size achievable in a launchable
package.

Figure 6 - 20 MHz Wide band Receiver
The RF input signal is mixed up to an IF of 670
± 10 MHz to avoid electro-magnetic interference
(EM!) problems with a spacecraft transmitter
near 400 MHz. The receiver gain is set by two
digitally controlled attenuators; 10 dB before
the first mixer to prevent overload with strong
signals and a 0 to 31 dB after the mixer. Analog
AGe is not used because of it's tendency to
change bandwidth and phase characteristics
with gain as well as the fact that knowledge of
system gain is necessary to characterize the
input signals. A type of digital AGe is
implemented in software in the FORTE Payload
Computer (FPC). This will be explained further
in the sub-band trigger section. The WB
receivers are dual conversion with a second
local oscillator and mixer to mix down to the 2
to 22 MHz IF band for event trigger generation
and signal digitizing. The first local oscillator is
digitally tunable from 360 to 640 MHz to allow
the receiver center frequency to be tuned from
30 MHz to 310 MHz. The local oscillator (LO)
synthesizer, shown in figure 7, uses a 250 kHz
reference frequency and a high frequency
divide-by-16 prescaler resulting in tuning steps
of 4 MHz.

The overall RF block diagram in figure 4 shows
that there are three separate receivers all with
the same nominal input frequency range. The
orthogonal antenna arrays each feed separate
low pass filters and pre-amps as shown in figure
5.

TesI~

Figure 5 - Antenna Preamps and Switches
The RF relays and power splitters allow all
three receivers to be independently connected to
either
antenna/pre-amp
channel
while
maintaining proper impedance matching. Also
shown are 20 dB directional couplers to allow
signal injection for testing and calibration of
each channel (beyond the pre-amp) without
disturbing the cable connections. The two preamps are mounted on the tip plate of the
antenna utilizing pre-packaged, connectorized
components for shielding and ruggedness. The
pre-amps were placed on the end of the antenna
at the feed point to overcome the cable and
splitter losses and to set the noise figure of the
system as low as possible. The pre-amps are
Avantek UTe-558's and have a 2.7 dB noise
figure and 29 dB gain. In figure 4, two of the
receivers are called wideband (WB) because
they have 20 MHz IF bandwidths and the third
receiver is called ultra wideband (UWB)
because it has a 90 MHz IF bandwidth.

Figure 7 - LO Synthesizer
Because the 20 MHz receiver IF signals are
digitized to 12 bits of resolution, substantial
care is required in the synthesizer design to
keep the noise below the digitizer threshold.
The measured phase noise from the synthesized
LO is -85 dBc at 20 kHz from the carrier, which
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devastating if coupled into wideband, high gain
devices such as log amp envelope detectors. To
prevent this problem, the entire receiver is
assembled using shielded, connectorized
components mounted in an aluminum chassis
and interconnected via semi-rigid coax. While
this is not the minimum weight configuration, it
is very effective in reducing noise and
interference. Figure 8 shows a 20 MHz receiver
assembled for testing.

is adequate for a 50 /-l.s data record length. The
second LO is fixed at 658 MHz and has
bandpass filtering to reduce the sideband and
phase noise contribution into the second mixer.
Note that the second mixer is of the imageless
type. The eight section IF filter at 670 +1- 10
MHz yields about 16 dB of attenuation at the
edge of the image band, 656 MHz, whereas the
imageless mixer provides a minimum additional
attenuation of 20 dB. Images below 656 MHz
are increasingly attenuated by the filter skirts.
This filter has at least 68 dB of attenuation at
the first LO's highest frequency, 640 MHz.

Sub-band Coincidence Trigger
Description

In the BLACKBEARD design it was determined
that running high level signals, such as local

The primary function of the trigger in the
system is to signal the digitizer, which
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Figure 8 - 20 MHz Receiver Assembled for Testing
oscillators at +10 dBm, on PC board traces
makes it very
difficult to
eliminate
unintentional coupling. This is particularly

continuously writes into a circular buffer
memory while waiting for a trigger. When the
trigger signal is received, the digitizer finishes
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the prescribed amount of post-event data
recording, halts and shuts down to save power.
The digitized data are downloaded to the
ground during the next convenient pass. If both
20 MHz receivers are enabled, to provide
polarization data for example, only one of the
two trigger cards will be selected as the trigger
source. lIowever, both trigger cards will be
active to provide signal power data from all 8
sub-bands in each receiver to the payload
controller for AGC and trigger threshold control
purposes.

TDLs serve two purposes: reject trigger signals
(events) that are longer than to seconds, and
latch the trigger signal until cleared by
coincidence logic. to is hardware settable with
an RC circuit and is chosen based on knowledge
of the events that should be detected. If
lightning is the desired event, then the trigger
signal should be no longer than approximately 2
~s. This circuit eliminates false triggers caused
by the transient startup of carriers and other
phenomena that are not of interest.
Cll~:::j])-

The 2-22 MHz IF signal from the receiver is
input to the sub-band trigger. The input section
of the trigger consists of an amplifier, 22 MHz
lowpass filter, and a set of eight unity gain
buffer amplifiers (figure 9).
The buffer
amplifiers are configured as a high isolation 8way power divider, separating the input signal
into eight outputs. The buffer amplifier outputs
go through a set of bandpass filters with 1 MHz
bandwidth, centered every 2.5 MHz from 3 to
20.5 MHz, dividing the IF band into eight
independent channels, or sub-bands.

Figure 10 - Time Dependent Latch
The outputs of the time dependent latches are
summed together and then compared with an
adjustable threshold set by a D/A converter.
The threshold setting of this final comparator
determines how many of the eight channels
must be triggered to generate a "master
trigger", i.e. the coincidence requirement N out
of 8 channels. By adjusting the comparator
threshold voltage, one to eight channels of
coincidence may be required for a master
trigger.
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In addition to the coincidence requirement for a
trigger, a trigger time window is also
implemented. The outputs of the eight time
dependent latches are ORed together and fed to
an RC circuit that clears the TDLs after a
programmed interval, 1:'. For a master trigger to
be generated, N out of 8 channels must be
triggered within 1:' seconds.

Figure 9 - Input Section of Sub-Band
Trigger
Each of the channels has an AD606 logarithmic
amplifier with envelope detector that has two
bandlimited outputs. The low frequency output
has a very low cutoff of 10Hz, serving as an
averaging circuit that is monitored by an AID
converter
for
average
signal
power
measurement. The high frequency output has a
filter cutoff of 2 MHz, just low enough to remove
any carrier feedthrough at the lowest frequency
(3 MHz). This output feeds a variable threshold
comparator for triggering purposes.
The
thresholds of the eight comparators are
individually settable with an eight-channel D/A
converter.

Theory
The premise behind the sub-band trigger design
is that the events of interest are impulsive in
the time domain. Therefore, they must also
must have relatively large bandwidth in the
frequency domain. To reduce the number of
false triggers and increase the number of
desired events detected, the trigger is designed
to detect phenomena that are broadband, and
therefore, reject narrowband events (e.g.
modulated carriers, etc.).

The outputs of the comparators feed a set of
"time dependent latches" (TDL) (figure 10). The
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To enforce the broadband requirement, the IF
bandwidth is segmented into sub-bands with
the requirement that "most" of the 8 sub-band
triggers must be activated for a system trigger
to be generated. If a narrowband interference
is present in the IF bandwidth, only one of the 8
sub-band triggers will be activated and a
system trigger will not be generated.

The noise power depends on the bandwidth and
the length time the signal and noise are
recorded. For wide sense stationary, gaussian
noise, the noise power is

In references [1] and [2], a relationship between
maximum SNR and channel bandwidth is
developed. When a finite bandwidth detector
receives an impulsive signal, the time domain
response of the detector has a pulse width tr
determined by the impulse response of the
channel. The pulse width is inversely related to
the bandwidth of the detector,

S'NR=

A
tlt = r

P"oise = No~t~ID.
Therefore, the signal-to-noise ratio is

=

roo

(8)

The sub-band trigger also reduces the false
alarm rate compared to a single channel trigger.
The thresholds for the sub-band channels may
be set closer to the background noise level
because the false alarms generated in the
channels are statistically uncorrelated, and
therefore, do not result in false master triggers.
Setting the thresholds closer to the noise
background effectively increases the SNR of the
system, allowing detection of smaller amplitude
events.

(3)

(4)

Measured Performance

The detector signal that is recorded is
approximately ~t r + tltd in length.

Hit Rate vs SNR

Figures 11 and 12 are plots of the "hit rate"
versus the input SNR for a single channel level
trigger and the 8 channel sub-band trigger. The
term "hit rate" refers to the ability of the trigger
to reliably detect a signal. A hit rate of 1

If the signal spectrum Pim) is constant over the
bandwidth, the power in the signal is

= P, (ro )~ro .

~ro'

While the previous analysis assumes a gaussian
background, very often, there are narrowband
interference sources, both man-made and
natural, in the band of interest. When one of
these interferers is present in the IF bandwidth,
the SNR in one of the sub-bands becomes very
low, effectively eliminating the sub-band from
use. But, the remaining channels are still
effective. In the case of a simple level trigger
with full IF bandwidth, the narrowband
interferer incapacitates the level trigger
completely.

and

~ig

+ 1.06 X 10-5 Ne

Ne

where Ne is the total electron content of the
If we assume the
ionosphere in e·/m 2•
bandwidth of the detector is small compared to
the center frequency IDo, we have

roo

A

~ro= 9.43x104ID~A

(2)

~td =1.06 X 10-5 Ne ~~ .

No -

(7)

The maximum SNR is achieved when the
bandwidth is

Because the ionosphere is dispersive, the time it
takes a signal to traverse the ionosphere
depends on the frequency of the signal. The
transit time difference for two frequencies IDI
and ID2, assuming both are well above the
plasma frequency, is given by

~ro

1
~ID

where the constant A is dependent on the
details of the filter.

ro I =ro 0 - 2'

~
,
No(tltr +tltd)
~

(1)

~ro

(6)

(5)

7

I
I
I
,I
I

I
I
I
I

I
I
I
I

I

I

I
I
I
I
I

,

I

,I

I
I
I

I
I
I
I
I

I
I

indicates that the trigger was able to detect the
signal 100% of the time.

Figures 13 through 16 are false alarm rate
versus threshold level plots for a single channel
of the sub-band trigger, a simple 22 MHz level
trigger, and the master trigger output of the
sub-band trigger with 5Jls and 640Jls
coincidence windows, respectively.
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Figure 11 - Hit Rate vs SNR for Level
Trigger

Figure 13 - False Alarm Rate for Single
Sub-Band

Additionally, the thresholds for both triggers
were set according to the measured power in
the channels. The channel thresholds were set
a specified number of dB above the measured
noise in the channel (called threshold offset).
The two plots contrast the hit rate versus SNR
for several values of threshold offset.
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Figure 14 - False Alarm Rate for 22 MHz
Level Trigger
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Figure 12 - Hit Rate vs SNR for Sub-Band
Trigger
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Comparing the plots shows that, for a gaussian
background, the sub-band trigger system
performs approximately 2 dB better than a
comparable level trigger.
However, this
measurement does not include any effects of
narrowband interferers.
Based on the
argument above, we expect the sub-band trigger
to show further advantage over the single
channel level trigger.
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Figure 15 - False Alarm Rate for Sub-Band
Trigger with 640us Window
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Figure 16 - False Alarm Rate for Sub-Band
Trigger with 5us Window

The plots show that the false alarm rate for the
single channel level trigger and one sub-band
channel are comparable. However, the peak
false alarm rate of the master trigger is much
lower with both 5JlS and 640JlS windows. The
wider coincidence window has a lower peak
FAR because of the longer time delay in
resetting the TDLs. Also notice that the FAR
curve has a maximum for figures 13, 14, and 16.
This is caused by the output bandwidth of the
log amps (2 MHz) and the reset times of the
latches.
SUmmary

The purpose of the FORTE payload is to detect,
record, and characterize impulsive events
occurring in the earth's atmosphere, e.g.
lightning, from orbit. The RF receiver and subband trigger unit presented in this paper
represent a significant advance in the
technology used to perform this task. The
wideband radio receiver is a low noise. easily
tunable device that allows monitoring the radio
background of the earth from 20 to 310 MHz.
The sub-band trigger unit provides event
characterization and detection in hardware that
reduces the false alarm rate and saves valuable
digizer memory.
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